INTRODUCTION
There is increasing interest in using eukaryotic microalgae and prokaryotic cyanobacteria for a range of biotechnological purposes, for example, for the production of pigments, vitamins, fatty acids, or bulk chemicals to replace products from fossil fuels. With the advent of tools for their genetic manipulation, microalgae are being investigated as sources of novel high value molecules, such as therapeutic recombinant proteins. These organisms can be grown at scale in controlled conditions like other biotechnological hosts. However because they are photosynthetic, their cultivation might be more sustainable than heterotrophic yeasts or bacteria because they do not need a supply of organic carbon for growth. Moreover, microalgae and cyanobacteria grown for industrial purposes do not compete with agricultural crops for land. They require less water than land crops, and could use waste CO 2 from industrial processes as a carbon source [1] [2] [3] .
The most obvious application of microalgae and cyanobacteria in biotechnology is as a potential source of high-value lipids and biofuels. They have fast growth rates and can accumulate large amounts of triacylglycerols (TAGs), which can be converted to biodiesel by transesterification [1, 2] . TAGs are stored within individual cells in lipid droplets. Production of TAGs in microalgae is often induced by nutrient stress, such as phosphate or nitrogen deprivation, and under these conditions, several species can produce over 70% of their dry weight as TAGs [3] . Nonetheless, there are several challenges that must be overcome to transfer promising production systems from the laboratory to industrial scale to enable them to become a commercial reality [1] . These include identifying strains of algae that accumulate high levels of desirable products and establishing appropriate growth conditions to maximise yields. In addition, methods for growing microalgae at large scale, harvesting the microscopic cells, and extracting intracellular TAGs need to be improved.
Although it may seem paradoxical to scale down to a single cell level to tackle problems during scale up, in many cases useful insights can be made by studying these organisms at a single-cell level. Using bulk techniques, researchers assume that all cells in a culture behave identically to a hypothetical 'average cell.' However, even a genetically-identical population is likely to be heterogeneous. Cell characteristics are governed by a series of biological processes, each of which possesses a degree of stochasticity [4] . The combined results of a stochastic processes can generate a population of cells with a wide range of measurable phenotypes, which will not be seen when they are investigated in bulk.
High-throughput single-cell fluorescence technologies have been used to show that isogenic cultures of both bacteria and yeast can be highly diverse in terms of gene and protein expression [5] [6] [7] . Likewise, single cell analyses reveal that genetically identical cultures of bacteria and algae can display a wide range of cell sizes and individual growth profiles [7] [8] [9] . Single-cell studies can also be applied to mixed populations as a way of identifying sub-populations or even individual cells with particular properties or characteristics that may be useful in biotechnological applications [10] .
In this review, we give a brief introduction to microfluidics and then describe recent methods to study microalgae and cyanobacteria at the single-cell level in microdroplets, and show how these approaches are relevant to applications in biotechnology.
MICROFLUIDIC AND MICRODROPLET TECHNOLOGY
Microfluidics is a multidisciplinary field at the intersection of physics, engineering, chemistry and biology. It allows small volumes of fluids to be manipulated and analysed as they flow through a network of specifically designed microchannels. It has the advantage of low reagent-consumption and high sensitivity, and the potential to revolutionise the study of biological processes in a miniaturised 'lab-on-a-chip' format [11, 12] . A microfluidic device can be quickly designed by Computer Aided Design (CAD) and then fabricated relatively straightforwardly and cheaply using soft lithography [13] . Figure 1A shows a schematic of a microfluidic chip: a PDMS device with patterned microchannels containing inlets and outlets for sample treatment has been sealed to a glass substrate.
Microfluidics allows the microenvironment of individual cells to be tightly controlled. This feature of the technology has been exploited to measure the response of individual cells to precise spatiotemporal concentration gradients, mechanical forces and temperatures [14] . Cells can be confined and isolated into microchambers and studied over longer periods of time, often to study cell growth and division [15] . The properties of individual cells can be analysed at high-throughput. Electrodes can be embedded into a device to facilitate cell characterisation (by cell counting, electrochemical detection) [16] , or manipulation (electroporation, cell lysis or dielectrophoresis by an applied electric field) [17] . Precise temperature control can be applied to microfluidic devices, either using electrodes [18] , or by flowing temperature controlled fluids through different layers of a device [15] .
Individual cell research in microfluidic devices has focussed on bacteria, yeasts and animal cells, but can be extrapolated to algae. Specifically, Figure 1B is an example of a microfluidic device that was used for screening based on the morphological characteristics of different alga species using an optofluidic device [19] .
Microdroplet technology is a sub-set of microfluidics [20, 21] . Microdroplets are small (typically 20-100 µm diameter) aqueous droplets, which are carried in an oil stream within a microchannel of a microfluidic device. Advantages of this technology include compartmentalization (individual cells can be isolated in discreet droplets), monodispersion (each cell is cultured in a uniform environment, so comparisons between droplets can be quantitative), low reagent consumption (droplet volumes are typically femtolitres to nanolitres) and high throughput analysis (droplets can be analysed at up to 2 kHz) [20] . As individual cells can be encapsulated into these droplets, they can either be studied in isolation in fine detail, or cell-cell interactions within or between droplets can be analysed.
Many different microdroplet devices have been designed and used to allow analysis of individual cells and biological processes [21] . Furthermore, different droplet manipulations such as incubation, splitting, fusion, dilution, picoinjection or sorting can be integrated either in the same chip, or by connecting multiple devices [22] . Figure 2 is a schematic representation of the main operations that can be performed Photolithography is the most widely used technique for the fabrication of microfluidic channels, and PDMS and glass are usually the chosen substrates for patterning the design. The microfluidic chip is made up from inlet channels for the pumping of the solutions, a delay channel in which screening is usually performed, and an outlet channel for the extraction of the pumped fluids. In order to close the channel features, the PDMS or glass component where the channels have been patterned, is sealed to another glass slide or a plain piece of PDMS after plasma treatment; B) Screening of different species of algae using an optofluidic device containing a waveguide. Images taken on the fly by the camera overlooking the fluidic channel and the different geometry of the screened species; C) the sample signals rising above a set threshold that in turn triggered the sample imaging. B and C are reproduced with permission of Ref. [19] in microdroplets. The chip is designed for the desired operation, which is directly related to conventional lab-bench protocols. Droplet generation ( Figure 2A ) happens when two confluent streams of oil cut perpendicularly a stream of aqueous fluid. Adjusting parameters such as channel size and shape, or fluid speed and viscosity, it is possible to vary droplet size on demand. This operation is especially important for cell encapsulation. The aqueous stream can be medium for cell culture, so when the droplet is formed the cells are trapped inside. Further operations with the encapsulated cells are also possible. Incubation of cells in droplets is done in chambers called reservoirs ( Figure 2B ). The droplets can be held still, so quantitative tracking of single cells can be carried out to give kinetic information. The cells remain viable because PDMS allows for gas exchange.
Stable cell-containing droplets can be stored for short periods (hours) in delay lines [23] , and for longer times (up to 30 days) either off-chip or within microfluidic devices either in individual droplet traps [24] or reservoirs [25] . Encapsulated cells can be monitored over their entire growth cycle within droplets. Microscopy allows the number, size and shape of individual cells to be monitored as they reside in the device. Intact droplets can be recovered and could be used in different microfluidic processes ( Figure 2C ) or deemulsified to return cells to bulk growth conditions. Droplets can be separated to allow different operations on duplicate droplet populations ( Figure 2D ). It is worth highlighting the pico-injection operation ( Figure 2E ). Picoinjection allows the addition of reagents to a pre-formed droplet, for example for the analysis of metabolites that have been secreted to the droplet environment by the cell during the incubation step.
Droplet contents can be analysed using techniques including laser-induced fluorescence (LIF), UV-visible spectophotometry, mass-spectrometry, liquidchromatography or Raman and SERS spectroscopy [26] . Since cells are encapsulated into droplets of small volumes, any molecules that are secreted or released from the cell can quickly accumulate to detectable concentrations, allowing highly sensitive detection of droplet components. Laserinduced fluorescence detection is the most commonly used sensing technique for cell analysis and screening in microdroplets. Both the indirect fluorescence due to a specific secreted metabolite (from the cell to the droplet environment) as well as the fluorescence of individual cells, can be studied and screened within a microfluidic chip. This usually requires fluorescent assays or dyes/stains, for extracellular or intracellular identification respectively, to screen metabolites or highlight specific features of cells.
The basic principles of microfluidic screening are as follows: individual cells flow at high frequency past a sensitive detector and the properties of each cell are Figure 2 . Schematic representation of possible microdroplet operations: A) Picoliter droplets are formed when a stream of water is periodically broken by two confluent streams of oil; B) Microdroplets can be maintained in a reservoir in order to allow cell growth and metabolite accumulation in the droplets for further analysis; C) Droplets, stored either off-chip or onchip as in (B) are pumped in a microfluidic channel and spaced with two streams of oil to adjust microdroplets flowing frequencies on demand; D) Microdroplets can be split in order to decrease volumes for assay performance or for sample replicate production; E) Picoliter volumes of reagents are injected into each droplet by using extra channels and electrodes to disrupt the surface tension of droplets; F) Droplets are sorted on-chip based on their contents by using a combination of lasers and electrodes. Droplets showing a specific signal over a threshold are drawn into the 'positive' (top) channel, while droplets being 'negatives' flow to the bottom channel.
instantaneously measured and recorded. If screening is coupled with sorting, such as the Fluorescence Activated Droplet Sorting platform (FADS) [27] , then cells with properties of interest are selected and separated from the rest of the population into a separate collection channel. Cells can be screened and sorted at around 100 Hz within a microfluidic device. Although this approach is currently lower throughput than traditional Fluorescence Activated Cell Sorting (FACS), in which tens of thousands of cells can be analysed per second, the microfluidic platform offers considerable flexibility in terms of the operations with these droplets (as illustrated in Figure 2 ). Moreover, a key additional functionality is that there is the possibility to recover individual cells in droplets, which can then be further manipulated.
SINGLE-CELL MANIPULATION AND ANALYSIS IN DROPLETS
A number of single-cell operations and analyses have been performed on cells in microdroplets, so far mainly bacteria and yeast [21] (Figure 3 ). Cells can be lysed in droplets at specified time-points using a laser, detergent, or a cell-degrading enzyme. Protein expression [28] and enzyme kinetics [29] [30] [31] [32] [33] have been studied in both intact and lysed cells in microdroplets. A number of different genetic analyses have been performed on single cells in aqueous droplets [34, 35] . For example, Hollfelder and co-workers established a method for the encapsulation and quantification of the expression of GFP from a single DNA template using an in-vitro expression system in droplets [25] .
A key feature of compartmentalisation in droplets is the established link between genotype and phenotype, for example allowing directed evolution of enzymes to take place in droplets. In addition, new genetic material can be delivered to individual cells in droplets, by both electroporation and chemical transfection [36, 37] . Zhan et al. demonstrated the possibility of electroporation of Chinese Hamster Ovary (CHO) cells by encapsulating cells in picoliter droplets and applying an electric pulse. The successful delivery of an EGFP plasmid was achieved by this technique. Genetic transfection of individual target cells in discreet droplets is highly desirable. The long-term aim is to integrate this into longer workflows so that specific cells can be genetically manipulated, stored and then screened within the same discreet droplet.
Secreted molecules, including antibodies [38, 39] and metabolites [40, 41] from individual cells have been detected in microdroplets. Wang et al. screened a library of Saccharomyces cerevisiae according to the consumption of xylose, and enriched a population of L-lactate producers of Escherichia coli [40] . This screening of both the cell and its microenvironment would not have been possible using FACS, which can only be used to screen for metabolites that remain associated with the cell.
Droplets with varying compositions can be generated to screen cells against a number of conditions. This has been used for drug studies on single cells, to generate doseresponse information [42] [43] [44] . Churski et al. [42] were able to assess the toxicity of a range of antibiotics against E. coli in droplets.
Microdroplets can also be used to monitor interactions between small numbers of cells in detail, including quorum sensing (QS) [45, 46] and symbiotic interactions [47] . Boedicker et al. demonstrated the QS ability of encapsulated Pseudomonas aeruginosa bacteria in droplets. Remarkably, droplets containing as few as one to three cells were able to initiate QS and achieve QS-dependent growth [45] .
A large range of organisms have already been studied in microdroplets, including bacteria [48] , yeast [24] , mammalian cells [49, 50] , and even the multicellular organism Caenorhabditis elegans [49] . This emerging platform is now being expanded to include microalgae [8, 51] and cyanobacteria [41] , with exciting implications for the development of microfluidic technology, and expanding the biotechnological potential of these organisms.
MONITORING INDIVIDUAL MICROALGAL CELLS HELD IN DROPLETS
Single-cell studies using microfluidics allow detailed analysis of individual cell behaviour [52] . Insight into factors that affect and limit single-cell growth and behaviour might be applied to scale-up the growth of algae, both in flask culture in the laboratory, and at industrial scale for algal biotechnology. In fact, the behaviour of individual trapped microalgal cells has been studied using several different microfluidic approaches, trapping small numbers of cells in a range of devices, including microfluidic chambers [53] [54] [55] [56] [57] [58] [59] [60] and capsules [61, 62] . These are summarised in Table 1. Pan et al. developed an experimental platform in which single microalgal cells were encapsulated into droplets and their growth tracked [51] . Droplets were stable and encapsulated cells were monitored for at least 20 days. In all cases, the cells were seen to divide and grow within the droplets (Figure 4) . The observed growth rates matched those measured in bulk. The maximum cell density achieved in droplets was higher by about one order of magnitude on average, possibly due to less self-shading. A similar experimental set-up has also been applied to study the growth of the cyanobacterium Synechocystis sp. PCC6803 in microdroplets [41] .
Microdroplets have been used to compare the growth profiles of cells across a population, and investigate population heterogeneity, even within an isogenic sample. Damodaran et al. [9] encapsulated single C. reinhardtii cells into millidroplets (~650 µm diameter) and stored these for up to 140 hours in coiled tubing. Using chlorophyll fluorescence as a means of assessing cell growth, they found that within an isogenic population, there were subpopulations of fast and slow-growing cells. The contents of one 'fast-growing' droplet were then re-screened using the same technique, and the daughter population was also found to contain a range of fast and slow-growing cells. Investigation of the growth kinetics of C. vulgaris by Dewan et al. in microdroplets found that the growth profiles of different cells were highly heterogeneous, and cell size varied at different stages of the growth cycle [8] .
MICROFLUIDIC SCREENING OF MICROALGAL POPULATIONS FOR BIOTECHNOLOGY
In order for microalgae to be used for applications in biotechnology, optimised species and strains need to be identified [63] . Microfluidic devices provide a platform to screen and sort microalgal populations. This might include screening environmental samples to identify a species of interest, or a mutagenized population of a promising species previously identified. A key step in the development of microalgae as a feedstock for biofuels and other useful compounds is to identify and isolate strains that produce large amounts of the desired product. For biofuels in particular, engineered strains with maximized lipid content are a significant goal. Methods that quantify lipid content in algal samples are often slow and labour-intensive, requiring extraction from the cell, and analysis by thin-layer chromatography or gas chromatography (often coupled with flame ionisation detection or mass spectrometry) [64] . Whilst this is quantitative, it provides a low-throughput analysis of lipid extracts. An easier approach for monitoring lipid accumulation in microalgae is to stain neutral lipids using fluorescent dyes, such as Nile Red [65] and BODIPY [66, 67] , although this approach is less quantitative.
Indeed, both Nile Red and BODIPY staining has been used in high throughput lipid-based screening of algal populations to identify high lipid-yielding cells, both in fluorimeter-based assays [68] and flow cytometry coupled with Fluorescence Activated Cell Sorting (FACS) [69] [70] [71] [72] [73] [74] [75] . For example, Montero et al. have isolated Tetraselmis suecica with high lipid accumulation by using FACS. These lipophilic dyes can be used to stain individual cells and allow monitoring of lipid accumulation inside PDMS microfluidic devices, with the concomitant advantages of single-cell encapuslation. Several of the microfluidic chambers that were used to monitor growth of algae have also been used to track lipid accumulation [55] [56] [57] [58] [59] 62] (See Table 1 ). Although this approach can be confounded by leakage of fluorescent stains into both the fluorinated oil carrier phase and the semipermeable PDMS [57] [58] [59] , the problem can be addressed by coating the inner surfaces of the device with Bovine Serum Albumin (BSA) [57, 58] . 'Microfluidic cytometers' have been developed for highthroughput analysis of both microalgae and cyanobacteria as cheaper, smaller and less power-intensive alternatives to conventional flow cytometers [76] [77] [78] [79] . Schaap et al. [19, 80] studied different species of microalgae in a glass microfluidic chip and precisely measured the optical properties of each cell. Cells of different species and similar size displayed a characteristic distortion of the transmitted light depending on their geometry as they passed through a laser detector. Recently, it has been shown that microalgae and cyanobacteria can be both screened and sorted in microdroplets based on intrinsic chlorophyll fluorescence levels using a FADS-based approach. (Best et al. in preparation)
An important advantage of microdroplet technology and cell compartmentalization is that both the cell and its surrounding microenvironment can be screened at high throughput, allowing the fluorescence of molecules displayed on the cell surface, released into the surrounding medium or taken up from the droplet environment to be measured -something which cannot be performed using other microfluidic techniques [26] , or indeed with FACS. Both consumption and secretion of metabolites to/from the cell media can be screened in droplets [40] . This has recently been exploited by Abalde-Cela et al. [41] . Transformed cyanobacteria capable of ethanol production and secretion were encapsulated into microdroplets, incubated off-chip for 48 hours then re-injected into a new microfluidic device. Reagents for a fluorescence-based ethanol assay were injected into each droplet, allowing for the screening of the encapsulated cells based on ethanol production at a rate of 100 Hz ( Figure 5 ).
CONCLUSIONS AND FUTURE PERSPECTIVES
Microdroplets are an exciting technology platform that can be used in a variety of applications, including monitoring of growth characteristics at the single-cell level and highthroughput screening of algal populations. This technology has the potential to answer biological questions that cannot be tackled using bulk techniques. The platform will inevitably be expanded to include new species of both microalgae and cyanobacteria. It may then be used to assess how different parameters, such as light conditions, temperature or the carbon source available to cells, not only affect single-cell growth, but also the observed heterogeneity between cells across a culture. Moreover, in nature, microalgae exist in complex communities of several types of organisms. Following on from bacterial examples in which droplets are used to study cell-cell interactions, this technique would be useful for studying interactions between algal species or other community members at the single-cell level.
In the near future, microdroplet platforms will be a useful platform to determine individual cell characteristics to allow screening across a population, and thus to identify and select candidate cells for biotechnological feedstocks. The FADS technique can be applied to laboratory, environmental or mutagenized samples. The most obvious application will be Table 1 . Examples of studies of microalgae and cyanobacteria using microfluidic approaches. * Number of cells.
screening and sorting cells based on their ability to accumulate large amounts of TAGs. Another likely application of the microdroplet screening and sorting methodology will be to screen and sort libraries of algal transformants. Using GFP or another fluorescent molecule as a selectable marker, rapid screening for successful transformants could be performed in microdroplets at high throughput and efficiency. As the potential of this emerging technical platform is recognized, the technology should become more accessible, so that it cansoon be adopted and used by researchers, without the need for specialized prior knowledge of microfluidics or expensive equipment.
